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Summary
The temporal features of tactile stimuli are faithfully
represented by the activity of neurons in the somato-
sensory cortex. However, the cellular mechanisms
that enable cortical neurons to report accurate tempo-
ral information are not known. Here, we show that in
the rodent barrel cortex, the temporal window for in-
tegration of thalamic inputs is under the control of
thalamocortical feed-forward inhibition and can vary
from 1 to 10 ms. A single thalamic fiber can trigger
feed-forward inhibition and contacts both excitatory
and inhibitory cortical neurons. The dynamics of
feed-forward inhibition exceed those of each individ-
ual synapse in the circuit and are captured by a simple
disynaptic model of the thalamocortical projection.
The variations in the integration window produce
changes in the temporal precision of cortical re-
sponses to whisker stimulation. Hence, feed-forward
inhibitory circuits, classically known to sharpen spa-
tial contrast of tactile inputs, also increase the tempo-
ral resolution in the somatosensory cortex.
Introduction
Timing is a basic attribute of sensory stimuli and needs
to be faithfully represented by the nervous system to al-
low accurate stimulus identification and discrimination.
Accordingly, temporal features of stimuli are accurately
encoded and conveyed through the thalamus to the
sensory cortex in several different sensory modalities
(Arabzadeh et al., 2005; Buracas et al., 1998; DeWeese
et al., 2003; Phillips et al., 1988; Reinagel and Reid,
2000; Wehr and Zador, 2003). For example, the timing
of spikes in somatosensory cortex precisely reflects
the temporal sequence of stimuli generated while
touching an object (Phillips et al., 1988), and moment-
to-moment changes in spiking probability of barrel cor-
tex neurons precisely reflect instantaneous variations
in the velocity of a whisker sweeping over a surface
(Arabzadeh et al., 2005).
Although this temporal precision is likely to be crucial
for sensory representation, the cellular mechanisms
*Correspondence: massimo@ucsd.eduthat enable cortical neurons to follow the temporal
structure of their thalamic inputs with such fidelity is
currently unknown. In the cortex, individual thalamic af-
ferent fibers impinging on principal neurons mediate ex-
citatory postsynaptic potentials (EPSPs) that are small
(Gil et al., 1999; Stratford et al., 1996) compared to the
depolarization necessary to trigger a spike (Brecht
and Sakmann, 2002). Hence, EPSPs resulting from sev-
eral fibers have to summate to reach threshold for ac-
tion potential generation. The time window within which
EPSPs can effectively summate (Lloyd, 1946) is called
the integration window (IW). The shorter the IW, the
more coincident the activity of presynaptic fibers has
to be to trigger a spike (Koch et al., 1996; Konig et al.,
1996; Pouille and Scanziani, 2001). The IW, thus, dic-
tates how precisely the activity of a neuron can report
the temporal structure of the activity of its inputs.
To establish the basis for spike timing precision in the
initial steps of sensory processing in the somatosensory
cortex, we determined the cellular mechanisms that
control the IW of principal (excitatory) layer 4 neurons
to thalamic inputs. Here, we demonstrate that the IW of
layer 4 principal neurons has a broad dynamic range
that can vary over an order of magnitude in an activity-
dependent manner. The duration of the IW is dynamically
regulated by an efficient and temporally precise thala-
mocortical feed-forward inhibitory circuit. Feed-forward
inhibitory circuits are well known to participate in the en-
hancement of spatial contrasts of somatosensory stim-
uli (Mountcastle, 1968; Mountcastle and Powell, 1959).
Our data show that these circuits also enforce and mod-
ulate temporal resolution of tactile information.
Results
Dynamic Control of Spike-Timing Precision
in Barrel Cortex In Vivo
Spiking responses of regular spiking (RS) units, which
represent presumed excitatory neurons in layer 4 of bar-
rel cortex, were measured for low frequency (0.5 Hz)
principal whisker (PW) deflections in anesthetized rats.
Spikes were tightly time locked to the stimulus (jitter,
4.05 6 0.28 ms; n = 105) (Figure 1A), despite occurring
with relatively low probability (0.25 6 0.02), consistent
with previous observations of high temporal precision
in barrel cortex (Arabzadeh et al., 2005; Petersen et al.,
2001; Shimegi et al., 1999). Repetitive stimulation of
the whisker at 10 Hz, similar to natural whisking fre-
quency, however, led to a significant increase in jitter
of layer 4 RS units (jitter; fourth stimulus, 5.796 0.32 ms
[p < 0.01]; sixth stimulus, 7.93 6 0.43 ms [p < 0.001];
paired t test; n = 105) (Figures 1B and 1C), along with
an adaptation (decrease in spike probability) and in-
creased latency. To determine whether the increase in
spike jitter reflects dynamic changes in the thalamocor-
tical circuit, rather than in the periphery or the brainstem,
we recorded from thalamic units in the VPM nucleus,
which provide input to layer 4. VPM units showed virtu-
ally no increase in jitter during 10 Hz principal whisker
stimulation, indicating that the temporal precision of
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316Figure 1. Increased Spike Jitter of Layer 4 RS Units In Vivo by Repetitive Whisker Stimulation
(A) Raster plot and peri-stimulus time histogram (PSTH) of the response of a single RS unit to PW deflection (1.5º, 0.5 Hz, 100 trials). Insets: raw
voltage recording and representative spike waveforms (red) and mean waveform (black) for the RS unit after spike sorting.
(B) PSTHs of the responses of a layer 4 RS unit and a thalamic (VPM) unit to 10 Hz principal whisker (PW) deflection. Note the pronounced
adaptation (decrease in spike probability) and increase in jitter (width of the PSTH peaks) of the RS unit as compared to the thalamic unit.
Insets: single-unit spike waveforms.
(C) Effects of 10 Hz stimulation across the population of layer 4 RS and thalamic units. Top: population PSTHs for onset responses to first and
fourth stimuli in the 10 Hz train. Curves represent Gaussian fits. Note the increased jitter in layer 4 RS cells, but not in thalamus. Bottom left:
spike jitter increased with stimulus number in the train for RS units (increase in jitter was significant after the fourth stimulus in the train, p <
0.01, paired t test), but not for thalamic units. Bottom right: adaptation of whisker-evoked spike count (normalized to first stimulus in each unit)
for the population of RS (n = 105) and thalamic units (n = 22). RS units adapted significantly faster than thalamic units (RS, adaptation index [AI;
defined as the ratio of fifth stimulus response to first stimulus response] = 0.19 6 0.03; thalamus, AI = 0.47 6 0.07; p < 0.001, t test).
(D) Increase in jitter during trains is not due to decreased spike count. Top: jitter for RS units grouped by whisker-evoked spike count to the
first stimulus. Increase in jitter occurred equally for the strongest responding and the weakest responding units. Bottom: population PSTHs for
first and fourth stimuli for RS units tested with a longer recovery time between each train (10 s, n = 22) to produce less adaptation. Note the
marked increase in jitter despite less adaptation. Summary graphs show mean 6 standard error of the mean (SEM).cortical spiking responses is dynamically regulated
downstream of the thalamus. Because 10 Hz whisker
stimulation reduced whisker-evoked spikes for RS units
(Chung et al., 2002; Khatri et al., 2004) (Figures 1B and
1C), the increased jitter could merely reflect weaker ex-
citatory input to RS units or increased contamination
of weak whisker-evoked responses by spontaneous
spikes. To address this possibility, we tested whether
spike jitter was correlated with spike probability across
RS units. No correlation existed (r = 0.04) (Figure 1D).
In addition, an identical increase in jitter occurredwhen long recovery times were used between 10 Hz
trains, a protocol that leads to less adaptation and
more spikes (Figure 1D). Thus, the increase in spike jitter
during trains was not due to reduced excitation of RS
neurons or the small number of whisker-evoked spikes.
These data show that the temporal precision of corti-
cal responses to somatosensory stimuli is dynamically
regulated by a circuit downstream of the thalamus.
To establish what controls this dynamic range, we de-
termined the integration window (IW) of cortical units
to thalamic inputs in vitro.
Temporal Integration in Somatosensory Cortex
317Figure 2. Shift in the Integration Window of
Layer 4 Regular Spiking Neurons
(A) Voltage response of a layer 4 RS neuron
to four stimuli delivered at 10 Hz to the thal-
amus (Vm = 70 mV). Insets. Left, schematic
of the recording configuration (RS neuron,
black; inhibitory neuron, green; VB, ventro-
basal complex). Center, spiking pattern of
the neuron in response to a positive square
pulse of current (+550 pA). In the following
figures, the spiking pattern allowing identifi-
cation of the neurons as RS or FS is shown
as an inset. Right, the half width of the post-
synaptic potential is plotted against stimulus
number (n = 7–8);
(B) Top, six superimposed sweeps with arti-
ficial EPSPs (aEPSPs) triggered at different
intervals after thalamic stimulation. Bottom,
enhanced time scale for the first (left) and
last stimulus. Eleven superimposed sweeps
are shown together with the time course of
current injection (lower traces).
(C) Left, the response of the neuron to the
first (black) and last (blue) thalamic stimuli
(same as in [B]) are superimposed to illus-
trate the different integration window. Right,
the summation of the thalamic and aEPSPs
for the first (black) and last (blue) stimuli is
computed as the peak of the summed re-
sponse (a) minus the peak of the aEPSP
evoked alone (b) and normalized by the peak
of the thalamic response (c). The result is
plotted against the interval (Dt) between the
onset of the thalamic and artificial EPSPs. In-
set, summary graph (n = 6).
(D) Left, aEPSPs evoked at different intervals
after thalamic stimulation were ‘‘isolated’’
by subtracting the thalamic response. First
stimulus, black traces; last stimulus, blue
traces. Note the reduction of the aEPSP am-
plitude for short intervals after the first stim-
ulus. Right, the amplitude of the aEPSP is
plotted against the interval (Dt) between the
onset of the thalamic and artificial EPSPs
for the first (black) and last (blue) stimuli. In-
set, summary graph (n = 6). Summary graphs
show mean 6 SEM.Dynamic Integration Window in Cortical
RS Neurons
To determine the IW of cortical neurons to thalamic in-
puts, we recorded from layer 4 RS neurons in thalamo-
cortical slices and stimulated their thalamic afferents
with an extracellular electrode placed in the ventrobasal
complex (VB; see Experimental Procedures). Thalamic
stimulation evoked an EPSP/IPSP sequence, consistent
with previous reports (Agmon and Connors, 1991; Gil
and Amitai, 1996; Porter et al., 2001). Artificial excitatory
postsynaptic potentials (aEPSPs) were evoked in RS
neurons (with either current or dynamic clamp; see Ex-
perimental Procedures) at different intervals after tha-
lamic stimulation.
RS neurons exhibited a very narrow IW to thalamic
inputs. To effectively summate (i.e., to depolarize the
membrane more than the peak-positive value of the tha-
lamic response), we had to evoke aEPSPs withinw1 ms
(range, <1 to 3 ms; n = 6) after the onset of the thalamic
EPSP (Figures 2A–2C). An IW of 1 ms is extremely nar-row, particularly when compared with the membrane
time constant (17 6 1 ms; n = 9). This result suggests
that RS neurons operate as coincidence detectors.
The IW, however, was broadened by a factor of ten af-
ter repetitive stimulation. Repetitive thalamic stimula-
tion at 10 Hz led to a pronounced and reversible in-
crease in the IW by about one order of magnitude (to
w10 ms after four to five stimuli; range 3 to >25 ms;
n = 6) (Figure 2C). This broadening of the IW was caused
by an increase in the half width of thalamically evoked
postsynaptic potentials (PSPs; from 1 6 0.3 ms after
the first stimulus to 206 5 and 186 5 ms after the fourth
and fifth, respectively; n = 8) (Figure 2D) and by a reduc-
tion in the shunt (Coombs et al., 1955) of aEPSPs
evoked shortly after the onset of thalamic EPSPs (first
stimulus, 17%6 3% reduction of aEPSP amplitude; fifth
stimulus, 4% 6 3% reduction) (Figure 2). Both effects—
the increase in half width of the thalamic PSP and the
decrease in the shunt—could be explained if repetitive
stimulation reduced synaptic inhibition.
Neuron
318Figure 3. Broad Dynamic Range of Thalamo-
cortical Feed-Forward Inhibition
(A) Response to 10 Hz thalamic stimulation of
a layer 4 RS neuron voltage clamped at –60
mV (black trace) and at the IPSC reversal po-
tential (red trace; the first EPSC on the red
trace is scaled to the first EPSC on the black
trace). The feed-forward IPSC (green trace)
was isolated by subtracting the red trace from
the black trace. The inset shows the re-
sponses to the first and last thalamic stimuli
on an expanded time scale. Note the w1ms
delay between the onset of the thalamic EPSC
and the onset of the feed-forward IPSC.
(B) Summary graph of the EPSC and IPSC am-
plitude plotted against stimulus number (n = 8
for IPSC and 7 for EPSC). Note that although
the thalamic EPSC decreases to w50% of
its initial amplitude, feed-forward inhibition
is reduced byw90%.
(C) Change in the excitation-inhibition ratio
(peak conductances) plotted against stimulus
number (n = 7).
(D) EPSC-IPSC sequences recorded at five
different stimulation intensities (left, same cell
as above) and summary graphs (right) in
which the peak conductance of the IPSC is
plotted against the conductance of the EPSC
(n = 5–6; bins, 0–0.249 nS; 0.25–0.749 nS;
0.75–1.249 nS; 1.25–1.75 nS). Note that disy-
naptic feed-forward IPSCs can be elicited
even when direct thalamic EPSCs are very
small. Summary graphs show mean 6 SEM.We asked whether repetitive stimulation of VB would
affect the amplitude of thalamocortical feed-forward in-
hibition. RS neurons were voltage clamped at 260 mV,
i.e., between the reversal potentials for excitatory and
inhibitory postsynaptic currents. VB stimulation elicited
an EPSC followed with a delay of 1.2 6 0.1 ms (n = 11)
by an IPSC (Figure 3A). The brief delay between EPSC
and IPSC indicates that IPSCs were triggered in a
feed-forward, disynaptic manner, i.e., by thalamic exci-
tation of cortical GABAergic interneurons rather than by
a feedback recruitment of interneurons via cortical RS
neurons. The EPSC-IPSC sequence could be elicited
even at very low stimulation intensities and the ratio be-
tween the peak EPSC and IPSC conductances was sta-
ble over a relatively wide range of stimulation intensities
(Figure 3D). Repetitive 10 Hz thalamic stimulation, how-
ever, altered this balance through a striking decrease
in the amplitude of feed-forward IPSCs. Although after
five stimuli, EPSC amplitude decreased by 51% 6 4%
(n = 7), feed-forward IPSCs decreased by 89% 6 3%
(n = 8) (Figures 3A and 3B). Repetitive stimulation, there-
fore, increased the ratio between excitation and inhibi-
tion in RS neurons. Repetitive stimulation, moreover,
progressively increased the delay between the EPSC
and IPSC to 2.1 6 0.4 ms (n = 5) after the fifth stimulus.
These data show that in the barrel cortex, thalamo-
cortical feed-forward inhibition operates over a very
broad dynamic range, allowing RS neurons to shiftfrom coincidence detection to integration. We next de-
termined the cellular basis of this dynamic range.
Mechanism Underlying the Dynamics
of Thalamocortical Feed-Forward Inhibition
The activity-dependent reduction in the amplitude of
thalamocortical feed-forward inhibition and the result-
ing increase in IW could be due to the depression of
two distinct synapses: the glutamatergic synapse from
thalamus to interneurons, or the GABAergic synapse
from interneurons onto RS neurons. Depression of the
second synapse would directly affect the amplitude of
feed-forward inhibition; depression of the first synapse
would reduce the fraction of interneurons that are ex-
cited above threshold for action potential generation
and thus participate in the generation of feed-forward
inhibition.
We addressed both possible mechanisms by directly
recording from GABAergic interneurons. Because layer
4 inhibitory fast spiking (FS) neurons are directly excited
by thalamic inputs (Gibson et al., 1999; Keller and White,
1987; Staiger et al., 1996) and inhibit RS neurons (Beier-
lein et al., 2003; Tarczy-Hornoch et al., 1998), they are
likely to represent the predominant source of thalamo-
cortical feed-forward inhibition. We thus recorded from
connected FS to RS neurons pairs.
FS neurons showed functional connections with ap-
proximately 50% of neighboring RS neurons. Unitary
Temporal Integration in Somatosensory Cortex
319Figure 4. Dynamics of the Input and the Out-
put of Cortical FS Neurons
(A) Paired recording between a presynaptic
FS (green) and a postsynaptic RS (black)
neuron. Brief current pulses were injected
in the FS neurons to trigger series of five ac-
tion potentials at 10 Hz. Note that the result-
ing unitary IPSCs in the RS neuron depress
to a much lesser extent than feed-forward
IPSCs evoked with thalamic stimulation
(superimposed blue trace, same as in Figure
3A).
(B) Unitary IPSC from (A) on an expanded
time scale. A monoexponential fit (red trace)
is superimposed on the decay phase. The in-
set illustrates the delay between the presyn-
aptic spike and the postsynaptic response.
(C) Summary graph of unitary IPSC am-
plitude plotted against presynaptic spike
number. Black solid circles, unitary IPSCs
evoked at 10 Hz (n = 6); open symbols, uni-
tary IPSCs evoked at 5 Hz (diamonds; n = 5),
20 Hz (down triangles; n = 5), 50 Hz (up trian-
gles; n = 5), 100 Hz (squares; n = 5), 200 Hz
(circles; n = 2). The reduction in amplitude
of feed-forward IPSCs (blue solid circles;
from Figure 3B) evoked with thalamic stimu-
lation at 10 Hz is included, for comparison.
(D) Current trace, EPSCs recorded in an FS
neuron (Vholding, 260 mV) in response to five
thalamic stimuli delivered at 10 Hz. Summary
graphs. Left, thalamic EPSC amplitude for
nine similar experiments plotted against stim-
ulus number. Right, thalamic EPSC ampli-
tude recorded simultaneously in FS (solid
symbols) and RS (open symbols) neurons
plotted against stimulus number (n = 5).
Summary graphs show mean 6 SEM.IPSCs triggered by individual FS neuron spikes occurred
without failures, had an average peak conductance of
2.8 6 0.85 nS (n = 6), and decayed with a time course
of 6.2 6 2.5 ms (Figure 4A). The decay of the unitary
IPSCs was not significantly different than the decay of
feed-forward inhibition (6.5 6 0.62 ms; n = 10; p = 0.79)
evoked by thalamic stimulation, consistent with the
idea that layer 4 FS neurons are the predominant medi-
ator of thalamocortical feed-forward IPSCs. The latency
between the action potential (steepest point in its rising
phase) triggered in the FS neurons and the onset of uni-
tary IPSCs (5% of peak amplitude) recorded in the RS
neuron averaged 0.6 6 0.03 ms (n = 5). This indicates
that the first half of the 1.2 ms delay between the EPSP
and the feed-forward IPSC determined above is usedfor thalamic EPSPs to reach threshold for action poten-
tial generation in FS neurons, whereas the second half is
taken by spike propagation and GABA release.
Depression at the synapse from FS to RS neurons
was pronounced but not enough to account for the re-
duction in thalamocortical feed-forward inhibition with
repetitive thalamic stimulation. Trains of spikes trig-
gered at 10 Hz in FS cells resulted in unitary IPSCs
that depressed to 47% 6 1% of their original amplitude
after the fifth stimulus (Figures 4A and 4C). Even when
triggered at higher frequencies, unitary IPSCs did not
depress to less than w40% (Figure 4C). The dynamics
of the GABAergic synapses, therefore, cannot account
for the observed w90% reduction in thalamocortical
feed-forward inhibition.
Neuron
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stimulation, progressively fewer FS neurons participate
in mediating feed-forward inhibition after each stimulus
in the train. By comparing the depression of unitary
IPSCs (uI5/uI1) with the decrease in thalamically evoked
feed-forward inhibition (FFI5/FFI1), one can estimate the
maximal fraction of GABAergic interneurons still partici-
pating in feed-forward inhibition by the fifth stimulus
(N5/N1) to be only about 20% of those active at the be-
ginning of the train (FFI5/FFI1 = [uI5/uI1] 3 [N5/N1]).
We thus tested the possibility that excitation of FS
neurons by thalamic afferents may depress during re-
petitive thalamic stimulation, thereby reducing the frac-
tion of recruited interneurons. When elicited at 10 Hz,
thalamic EPSCs recorded in FS neurons showed a
marked depression (to 31% 6 3% of the original ampli-
tude after five stimuli; n = 9) (Figure 4D) that was, in
fact, significantly larger than the depression of thalamic
EPSCs onto RS neurons (to 49%6 4%; n = 7; see Figure
3; p = 0.0014). We confirmed this target cell specificity in
thalamic EPSC depression by recording thalamic EPSCs
simultaneously in FS and RS neurons. Again, thalamic
EPSCs recorded in FS neurons depressed significantly
more than those recorded in RS neurons (to 39% 6
2% versus 56% 6 3%; n = 5; p = 0.013) (Figure 4D).
These results indicate that the broad dynamic range
of thalamocortical feed-forward inhibition is primarily
achieved by varying the fraction of thalamically re-
cruited FS neurons and, to a lesser extent, by the dy-
namics of the FS to RS synapse.
Thalamic Excitation of Cortical GABAergic
Interneurons
For feed-forward inhibition to effectively control the IW
of RS neurons, it is expected that action potentials are
readily triggered in FS neurons also in response to rela-
tively weak thalamic stimuli.
Figure 3D shows that this is indeed the case as feed-
forward inhibition on RS neurons can be triggered even
at low stimulation intensities, when the average peak
conductance of thalamic EPSCs recorded in RS neu-
rons is below 0.25 nS. This suggests that either activa-
tion of a limited number of thalamic fibers is sufficient
to trigger a spike in FS neurons or FS neurons have
a higher probability of being contacted by a thalamic fi-
ber than RS neurons. We addressed both possibilities.
If the probabilities of a thalamic axon to form synaptic
contacts with FS and RS neurons are similar, the ratio
of the amplitude of unitary thalamic EPSCs (EPSCs
evoked by stimulating a single thalamic fiber [Beierlein
and Connors, 2002]) recorded in FS and RS neurons
should be similar to the ratio of the amplitude of com-
pound EPSCs (EPSCs evoked by stimulating several
thalamic fibers). Minimal stimulation of the thalamus
was used to isolate unitary thalamic EPSCs in FS and
RS neurons. The amplitude of unitary thalamic EPSCs
was defined as the amplitude of the successes mea-
sured over a stimulation range in which, starting from
failures only, increasing stimulation intensity reduced
failure rate without affecting the average amplitude of
successes. Unitary thalamic EPSCs recorded in FS neu-
rons had a peak amplitude that was 3.5 times larger than
the one recorded in RS neurons (FS neurons, 200 6
42 pA; n = 6; RS neurons, 57 6 15 pA; p = 0.023; n = 4)(Figures 5A and 5B). EPSC recorded in FS neurons also
had faster decay kinetics than EPSC in RS neurons
(1.56 0.3 ms versus 4.56 0.4 ms; p = 3.353 1025) con-
sistent with the different kinetics of AMPA receptors ex-
pressed in these neurons (Jonas et al., 1994). Strikingly,
also the amplitude of compound EPSCs recorded simul-
taneously in FS and RS neurons was 3.5 6 0.6 times
larger in FS neurons (n = 6), indicating that thalamic fibers
contact FS and RS neurons with similar probabilities
(Figures 5C and 5D).
The experiment shown in Figure 5A also demon-
strates that an individual thalamic afferent can contact
both FS and RS neurons. In this particular example,
not only were the minimal stimulation criteria satisfied
for both neurons simultaneously, but failures and suc-
cesses were absolutely correlated, indicating that they
were contacted by the same fiber.
We then determined the minimal number of thalamic
fibers necessary to trigger a spike in FS neurons. For
this, we compared the amplitude distribution of unitary
EPSCs with the average size of thalamic EPSCs on FS
neurons when stimulating the thalamus at threshold to
induce feed-forward inhibition in simultaneously re-
corded RS neurons. Clearly, the distribution of the am-
plitudes of unitary EPSCs (range, 51–289 pA) (Figure 6)
was similar to the distribution of the amplitudes of
EPSC (average, 170 6 64 pA; range 52–400 pA; n= 5)
(Figure 6) recorded in FS neurons when stimulating at
threshold for eliciting feed-forward inhibition in RS neu-
rons. A comparison between the lower and the higher
values in the two distributions of EPSC amplitudes sug-
gests that one to eight thalamic fibers are sufficient to
trigger a spike in FS neurons. Thus, even a single tha-
lamic fiber can evoke feed-forward inhibition.
These data show that despite the similar probabilities
of thalamic neurons to contact FS and RS neurons,
strong thalamic input on FS neuron ensures efficient
feed-forward inhibition and an accordingly narrow IW
even in response to very weak thalamic activity.
Temporal Precision of FS Neurons
Despite the reduced fraction and increased delay of FS
neuron recruitment, FS neuron activity remained re-
markably synchronous during repetitive thalamic stimu-
lation (Figures 7A and 7B). To estimate the degree of
synchrony of FS neurons recruited after each thalamic
stimulus, we deconvolved the time course of feed-
forward inhibition recorded in RS neurons with the
time course of a ‘‘standard’’ unitary IPSC (i.e., the aver-
aged time course of unitary IPSCs recorded in our six
connected FS to RS pairs) (Figure 7A). This analysis in-
dicates that 50% of FS neurons spiked within a window
of 0.22 6 0.23 ms during the first response and within
a window of 0.52 6 0.41 ms during the fifth response
of a train (n = 8). These results show that the degree
of synchrony of FS neurons is only slightly affected by
ongoing thalamic activity.
Spiking of FS Neurons In Vivo
The dynamic properties of the thalamocortical feed-
forward inhibitory circuit observed in vitro leads to two
predictions in the intact animal. First, because of the
strong depression of the thalamus to FS synapse, repet-
itive whisker stimulation will markedly reduce spike
Temporal Integration in Somatosensory Cortex
321Figure 5. Functional Divergence of Thalamic Afferents onto FS and RS Neurons
(A) Simultaneous voltage clamp recording (Vholding, 277 mV) from an FS (green traces) and RS (black traces) neuron during minimal stimulation
of the thalamus (23 superimposed individual sweeps each). Stimuli were delivered at 0.2 Hz. The amplitude of the EPSC is plotted against
stimulus number. The intensity of stimulation is plotted below the graph. Note that increasing stimulation intensity reduces failures without
affecting the amplitude of successes. Also note that failures and successes in FS and RS neurons are concurrent.
(B) The amplitude and decay kinetics of minimally evoked EPSCs recorded in FS (green; n = 6) and RS (black; n = 4) neurons. With the exception
of the experiment illustrated in (A), for the rest of the experiments, minimal stimulation conditions were satisfied for only one neuron at the time.
(C) Simultaneous recording from a FS and RS neuron in response to ‘‘nonminimal’’ thalamic stimulation. Both neurons were voltage clamped at
260 mV (black trace) and at the IPSC reversal potential (red trace; the EPSC on the red trace is scaled to the EPSC on the black trace). The
feed-forward IPSC (green trace) was isolated by subtracting the red trace from the black trace. Note the larger EPSC on FS as compared to RS
neurons.
(D) The amplitude of the EPSC recorded in the RS neuron is plotted against the amplitude of the simultaneously recorded EPSC in FS neurons
for six experiments. Note the deviation of the experimental data points from the unity line. Inset, ratio between responses in FS and RS neu-
rons. Red column, EPSCs; green column IPSCs. Summary graphs show mean 6 SEM.probabilities in FS units. Second, despite a reduction in
spike probabilities, spike jitter should remain constant
in FS units. We found this to be clearly the case. We
recorded single RS and FS units in layer 4, identified
by extracellular spike waveform (Bruno and Simons,
2002; Swadlow, 1989) (Figure 7C). FS units had broader
receptive fields, consistent with previous reports (Bruno
and Simons, 2002). By the fifth stimulus in a 10 Hz PW
deflection train, spiking probabilities of FS units adapted
to less than 15% of the initial probabilities. However, in
striking contrast to RS units, the spike jitter did not sig-
nificantly increase during the stimulus train (first sti-
mulus, 4.07 6 0.78; fifth stimulus, 4.55 6 0.71; n = 34;p > 0.05) (Figure 7D). These results are in good agree-
ment with the in vitro data reported above and strongly
suggest that the temporal precision of cortical re-
sponses to whisker stimuli is dynamically regulated by
a thalamocortical feed-forward inhibitory circuit.
A Simple Disynaptic Model for Thalamocortical
Feed-Forward Inhibition
To test whether the cellular and synaptic properties de-
termined above are sufficient to account for the dynam-
ics of thalamocortical feed-forward inhibition, we
devised a simple model of the circuit (Figure 8). The
model includes an RS neuron and a pool of FS neurons
Neuron
322and three types of synapse: from VB to FS, from FS to
RS, and from VB to RS neurons. Model parameters
were measured and fitted independently for each cell
type and for each synapse type. All three synapse types
exhibit depression to account for the experimental data
(Figure 8A). We modeled synaptic depression as a de-
Figure 6. Very Few Thalamic Inputs Are Sufficient to Trigger Feed-
Forward Inhibition
(A) Simultaneous voltage clamp recording from a RS (black traces,
27 superimposed sweeps) and a FS (green traces) neuron while
stimulating the thalamus at threshold for eliciting feed-forward inhi-
bition in the RS neuron. Note that in the RS neurons illustrated here
direct thalamic EPSCs and feed-forward IPSCs occur or fail inde-
pendently giving rise to four possible outcomes: EPSC-IPSC se-
quences, EPSCs only, IPSCs only, failures only.
(B) Voltage clamp recording (Vholding, 260 mV) from a FS neuron
during minimal stimulation of the thalamus (58 superimposed
sweeps). Note the relatively large amplitude of the unitary EPSC. In-
set, average of successes recorded in current or voltage clamp.
The amplitude of the unitary EPSP is 15 mV (Vm, 283 mV). Scatter
plot, successes and failures of the unitary EPSCs plotted against
stimulus intensity.
(C) Scatter plot comparing the amplitude of thalamic EPSCs re-
corded in FS neurons while stimulating the thalamus at threshold
for triggering feed-forward inhibition in RS neurons (EPSC [FS], left
column; n = 5) and the amplitudes of unitary EPSCs (right column;
n = 6; same data set as in Figure 5B) evoked through minimal stimu-
lation of the thalamus. Note the similarity of the two distributions.crease in resource (such as vesicles) available after
each spike followed by recovery with an exponential
time constant (Abbott et al., 1997; Tsodyks and Mark-
ram, 1997).
Because of the depression of the synapse from VB to
FS neurons, after each stimulus, progressively fewer FS
neurons reach threshold (Figure 8B). By the fifth stimu-
lus, the fraction of FS neurons that reached threshold
for action potential generation was down to about
20%. The reduced number of FS neurons spiking, com-
bined with depression at synapses from FS to RS (Figure
8B), causes a pronounced decrease in feed-forward inhi-
bition onto RS neurons (Figure 8C). Just as seen in the ex-
perimental observations (dots), the model (traces) pre-
dicts that by the end of the stimulus train feed-forward
inhibition has decreased by about 90%. The effect of
this decrease on the responses of the RS neuron is to
substantially broaden the IW (Figure 8D). The compo-
nents of this simple model are not only sufficient to ex-
plain the decrease in feed-forward inhibition (Figure
8C), but also necessary. Depression at the inhibitory syn-
apse, on its own, is insufficient (Figure 8A, middle). The
decrease in number of FS neurons that reach threshold,
caused by the depression of the synapse onto FS neu-
rons, is also insufficient on its own, especially to account
for the pronounced reduction seen already at the second
stimulus (Figure 8B). Only the combination of these
effects achieves the observed decrease (Figure 8C).
This minimal model of the thalamocortical projection
demonstrates how a disynaptic circuit accounts for
a dynamic range of feed-forward inhibition that exceeds
the dynamic range of each individual synapse in the cir-
cuit. Under the dynamic control of disynaptic IPSCs, RS
neurons can act over a range of IWs, rapidly shifting
from precise coincidence detectors to integrators.
Discussion
Keeping Time
Somatosensory stimuli trigger precisely time-locked
responses in cortical neurons (Arabzadeh et al., 2005;
Phillips et al., 1988). Such temporal accuracy is essen-
tial for sensory representation. We have found that
thalamocortical feed-forward inhibition generated by
a simple disynaptic circuit governs this temporal preci-
sion. We show that this circuit can narrow the integra-
tion IW to w1 ms in barrel cortex neurons and thus
may account for the temporal precision of these neu-
rons to whisker stimulation (Arabzadeh et al., 2005;
Petersen et al., 2001; Shimegi et al., 1999). Moreover,
we show that the temporal window within which cortical
neurons integrate thalamic activity (IW) is not fixed but
can increase over an order of magnitude depending
on the strength of feed-forward inhibition. The detailed
in vitro analysis of the circuit resulted in testable pre-
dictions about the dynamics of RS and FS units during
repetitive whisker stimulation in vivo. These predictions
were verified by in vivo measurements of whisker-
evoked spikes, strongly suggesting that feed-forward
inhibitory circuits control temporal integration of
somatosensory stimuli in vivo. Future manipulation of
GABAergic transmission in vivo will allow more direct
quantification of the contribution of inhibitory synapses
Temporal Integration in Somatosensory Cortex
323Figure 7. Temporal Precision Is Preserved in
FS Neurons during Repetitive Stimulation
(A) Top row, response to 10 Hz thalamic
stimulation in vitro of a layer 4 RS neuron
voltage clamped at 260 mV (black trace)
and at the IPSC reversal potential (red trace;
the first EPSC on the red trace is scaled to
the first EPSC on the black trace). The
feed-forward IPSC (green trace) was isolated
by subtracting the red trace from the black
trace. Middle and lower rows, convolution
of the ‘‘standard’’ unitary IPSC (inset, middle
row) with the function f(t) = (A/t) 3 exp(2t/t)
(blue traces, lower row) provided a good
fit (black traces, middle row) to the iso-
lated feed-forward IPSC (green trace, middle
row). Note in the lower panel, the progres-
sively increasing delay of the onset of feed-
forward inhibition after each stimulus. The
delay in response to the first stimulus is
marked by a red arrowhead.
(B) Left, time at which the integral over f(t)
reaches 50% of its maximal value (T50) plot-
ted against stimulus number. The summary
data (open symbols; n = 8) are normalized
by the T50 of the first stimulus (right ordi-
nate). Note that T50 changes little after each
stimulus, despite the increase in delay (mid-
dle) and the decrease in amplitude (right) of
feed-forward inhibition. Summary graphs
show mean 6 standard deviation.
(C) Identification of RS and FS units by total
spike width (width of initial positive spike
plus after hyperpolarization) in vivo. Left, his-
togram of total spike width across the popu-
lation showing RS (red) and FS (green) units.
Insets show examples of RS and FS unit
waveforms. Center, mean whisker tuning
curve for recording sites in D1 barrel. FS
units had significantly broader tuning curves
than RS units (asterisks, significant differ-
ence between FS and RS responses; p <
0.05; paired t test). Right, tuning curve width
(mean ratio of adjacent surround whisker re-
sponse to PW response) for all RS (n = 105)
and FS (n = 34) units. Summary graphs show
mean 6 SEM.
(D) Response of RS and FS units to 10Hz
whisker deflection. Left, spiking probability
decreased for RS (n = 105) and FS (n = 34)
units during the train. Both RS and FS units showed rapid adaptation (RS, AI = 0.19 6 0.03; FS, AI = 0.13 6 0.02, p > 0.05, t test). Middle,
FS units did not show increased spike jitter during trains. Right, population PSTHS for first and fourth stimuli in train for all FS units. Note con-
stant spike jitter despite adaptation and increased delay. Summary graphs show mean 6 SEM.to the encoding and behavioral discrimination of tempo-
ral stimulus features.
Feed-forward inhibitory circuits are ubiquitous in the
brain (Shepherd, 1998) and have been shown to control
neuronal excitability in time (Berger and Luscher, 2003;
Blitz and Regehr, 2005; Brunel et al., 2004; Mittmann
et al., 2005; Pouille and Scanziani, 2001; Wehr and Zador,
2003) and space (Laaris et al., 2000; Lavallee and
Deschenes, 2004; London et al., 1989; Mountcastle and
Powell, 1959; Petersen et al., 2001). The presence
of thalamocortical feed-forward inhibitory circuits in
the somatosensory ‘‘barrel cortex’’ is well documented
both anatomically (Keller and White, 1987; Staiger et al.,
1996) and physiologically (Agmon and Connors, 1991;
Agmon and O’Dowd, 1992; Gil and Amitai, 1996; Porter
et al., 2001; Swadlow and Gusev, 2000; Wilent and Con-
treras, 2004; Zhu and Connors, 1999).We show that the efficiency of feed-forward inhibition
in reducing the IW of neurons in the barrel cortex results
from the concurrent action of at least four factors: first,
a powerful thalamic synapse onto GABAergic fast spik-
ing (FS) interneurons, such that the activity of only one
or a few inputs is sufficient to trigger a spike; second,
a fast ‘‘monosynaptic’’ delay (between the onset of the
thalamic EPSC and the onset of the feed-forward
IPSC) comprising 0.6 ms for thalamic EPSPs to reach
spike threshold in FS neurons and additional 0.6 ms
for the spike in FS neurons to propagate and release
GABA on RS neurons; third, a high probability of con-
nection between FS and RS neurons; and fourth, a large
unitary IPSC conductance in RS neurons.
A caveat to the present findings is that our measure of
the IW in RS neurons is based on the interaction between
thalamically evoked EPSP-IPSP sequences and artificial
Neuron
324Figure 8. A Simple Disynaptic Model for
Thalamocortical Feed-Forward Inhibition
(A) Conductance time course for the three
synapses involved in the thalamocortical cir-
cuit (continuous traces) and experimental
data (filled symbols; from Figures 3 and 4)
plotted against time.
(B) Top, spiking probability of FS neurons.
Bottom, distribution of membrane potentials
in a simulated population of 100 FS neurons
plotted against time. Light gray, all neurons;
dark gray, half of the neurons (from the 25th
to the 75th percentile); black trace, median
(50th percentile). The dotted line indicates
firing threshold.
(C) Top, time course of inhibitory conductan-
ces in RS neurons (feed-forward inhibition re-
sulting from the spiking of the population of
FS neurons excited by the thalamic input).
Bottom, schematic illustration of the modeled
circuit.
(D) Current (top) and voltage (bottom) time
course in model RS neurons in response to
10 Hz thalamic activity. Note the progressive
broadening of the half width of the postsyn-
aptic potential.EPSPs imposed with a somatic recording pipette. Tha-
lamic afferents, however, impinge on the dendrites of
RS neurons (Keller, 1995), whereas FS neurons preferen-
tially (although not exclusively) project on the somatic/
perisomatic compartment (Kawaguchi and Kubota,
1997; Markram et al., 2004; Somogyi et al., 1998). The
spatial separation between excitatory and inhibitory in-
puts is likely to result in less shunting of thalamic EPSPs
by feed-forward inhibitory conductances as compared
to what observed on artificial EPSPs, suggesting that
the duration of the IW in RS neurons may have been
underestimated. This potential underestimation must
be small, however, because the reduction of the ampli-
tude of the artificial EPSP attributed to the shunt was
only 15%.
Our recordings indicate that thalamic EPSCs in FS
neurons are three times larger than in RS neurons, and
this holds true for both unitary (Beierlein and Connors,
2002) and compound EPSCs. Hence, the stronger tha-
lamic excitation of inhibitory FS as compared to excit-
atory RS cortical neurons is not merely due to an
increased connectivity of thalamic inputs onto FS neu-
rons. We propose that the large thalamic EPSC re-
corded in FS neurons may account, at least in part, for
the high responsiveness of FS neurons to whisker stim-
ulation (Bruno and Simons, 2002; Swadlow, 1989) and to
spontaneous, single-thalamic spikes (Swadlow and Gu-
sev, 2000) observed in vivo. Several not mutually exclu-
sive possibilities could account for the difference in
EPSC amplitude between FS and RS neurons, including
a larger number of release sites per unitary input,
a larger probability of release, a larger quantal ampli-
tude, or a reduced membrane filtering of the postsynap-
tic EPSC. Elucidating the exact mechanism underlying
this difference is the goal of future studies. The stronger
depression of thalamic EPSCs onto FS neurons sug-
gests that differences in release probability may ac-
count for at least part of the bias.
The faster decay kinetics of thalamic EPSCs on FS as
compared to RS neurons is consistent with the kineticdifferences observed for AMPA receptors obtained
from these two types of neuron (Jonas et al., 1994) and,
hence, is unlikely to be uniquely attributed to a difference
in the membrane filtering of the signal. A large and fast
EPSC is likely to significantly contribute to the temporally
precise triggering of spikes in FS neurons (Fricker and
Miles, 2000; Geiger et al., 1997; Jonas et al., 2004) and
lead to the time-locked feed-forward IPSC.
Modulating the Integration Window
The dynamic range of the amplitude of thalamocortical
feed-forward inhibition exceeds that of each individual
synapse in the circuit and is responsible for the shift in
the IW of RS neurons during repetitive thalamic stimula-
tion. In principle, several properties of the circuit could
contribute to the dynamic range, including the fraction
of GABAergic interneurons recruited after each stimu-
lus, the degree of synchrony of the recruited inter-
neurons, the amount of GABA released on principal
neurons, and their sensitivity to GABA. We show that
spiking of FS neurons (in contrast to RS neurons) re-
mains tightly time locked to each stimulus during the
train, both in vivo and in vitro, suggesting that changes
in synchrony do not contribute to the dynamics of feed-
forward inhibition. The amplitude of the unitary IPSC
decreased during repetitive presynaptic activity, but the
magnitude of this depression is not sufficient to account
for the full reduction in feed-forward inhibition. Rather,
our data demonstrate that the broad dynamic range prin-
cipally reflects the change in the fraction of GABAergic
interneurons that are recruited by each thalamic stimu-
lus. Our model shows that this change in fraction of re-
cruited FS neurons can be well accounted for by the
short-term dynamics of the thalamic input onto FS neu-
rons. Although an activity-dependent reduction in the
excitability of FS neurons could, in theory, also account
for the observed reduction in the fraction of recruited FS
neurons, two lines of evidence argue against this possi-
bility. First, fast-spiking neurons show little spike adap-
tation to constant current injections and are, hence,
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separated by 100 ms. Second, the probability of spiking
of FS neurons in response to a given whisker stimulus in
a train is identical regardless of the success of the previ-
ous stimulus in the train to trigger a spike (data not
shown).
The depression of thalamic EPSCs onto FS neurons is
significantly larger than on RS neurons. This difference
could be due to a postsynaptic property, namely a differ-
ence in the amount of and recovery from desensitization
of AMPA receptors on the two types of neurons or to
a presynaptic property, like the dynamic of transmitter
release. We favor the second possibility because de-
sensitization of AMPA receptors expressed in FS neu-
rons recovers faster than in RS neurons (Jonas et al.,
1994). Our physiological demonstration that a single
thalamic fiber can impinge on both FS and RS neurons
is consistent with anatomical evidence (see Figure 6F in
Staiger et al., [1996]) and indicates that release proper-
ties from the thalamus are target cell specific.
Acute slices and anesthetized animals have low spon-
taneous activity compared to behaving animals. Thus,
we were able to measure feed-forward inhibition at syn-
apses that have ‘‘fully’’ recovered from previous activity,
thus promoting strong feed-forward inhibition and nar-
row IWs. Increasing stimulus frequency to natural whisk-
ing frequency revealed the decrease in feed-forward
inhibition and broadening of IWs. Thus, our experiments
allowed us to explore the full dynamic range of thalamo-
cortical feed-forward inhibition. In contrast, ongoing
spontaneous thalamic activity in awake animals may
depress thalamic inputs onto FS neurons even before
the beginning of a whisking event (Castro-Alamancos,
2004), thereby reducing the dynamic range of feed-
forward inhibition. However, in awake, behaving ani-
mals, neuromodulators and network activity may
depolarize GABAergic interneurons such that even
‘‘depressed’’ thalamic inputs may be able to bring
them to threshold for spike generation (Swadlow and
Gusev, 2000), which would reduce the dynamic range
of feed-forward inhibition but maintain narrow IWs.
Hence, the actual magnitude of thalamocortical feed-
forward inhibition, its dynamic range, and the resulting
width of the IW in layer 4 neurons is likely to be strongly
dependent on the behavioral state of the animal. The
data presented here therefore illustrate the potential
strength and dynamic range of thalamocortical feed-
forward inhibition and demonstrate that this circuit
can powerfully control and modulate temporal inte-
gration during the initial steps of somatosensory pro-
cessing.
Experimental Procedures
All experiments were carried out in accordance with the guidelines
set forth by the University of California.
Slices
Thalamocortical slices (400 mm) were prepared from 14–25 day old
ICR White or C57BL/6 mice (Agmon and Connors, 1991; Porter
et al., 2001) incubated for 40 min in an interface chamber at 35ºC
with an artificial cerebrospinal fluid equilibrated with 95% O2 and
5% CO2, containing (in mM): 119 NaCl, 2.5 KCl, 1.3 NaHPO4,
1.3 MgCl2, 2.5 CaCl2, 26 NaHCO3, 20 glucose, and subsequently
kept in the same chamber at room temperature for 0–6 hr until beingtransferred in a submerged chamber at 30ºC–33ºC for electrophys-
iological recordings.
In Vitro Thalamic Stimulation
Thalamic nuclei and barrels in the somatosensory cortex were first
visualized with a low magnification objective with bright-field illumi-
nation and connectivity between the thalamus and the cortex as-
sessed with a field-recording electrode (a patch pipette filled with
2 M NaCl) placed in the layer 4 of the barrel cortex while electrically
stimulating thalamic afferents (stimulus duration, 100 ms; stimulus
amplitude, 5–100 mA) with a monopolar steel electrode placed in
the ventrobasal nucleus (VB) close to the border with the nucleus re-
ticularis thalami, near the fimbria. We considered field responses of
above 100 mV amplitude as acceptable evidence for a reliable con-
nection. To ensure that the observed responses resulted from
orthodromic stimulation of thalamocortical axons rather than
antidromic stimulation of cortico-thalamic axons, we routinely de-
termined three electrophysiological parameters of the response,
namely latency, paired pulse ratio, and supernormality (Beierlein
and Connors, 2002). We only considered experiments in which
EPSPs recorded in layer 4 occurred at short latencies (<3.5 ms),
showed paired pulse depression, and displayed no supernormality
(i.e., decrease in latency of the second EPSP elicited 100 ms or less
after the first).
In Vitro Recordings
Whole-cell recordings of visually identified neurons (infrared DIC
videomicroscopy and water immersion objective [403]) in layer 4
were obtained with patch pipettes (2–4 MU) containing (in mM):
150 K gluconate, 5 HEPES, 1.1 EGTA, 0.5–1 MgCl2, 10 phosphocre-
atine, biocytin (0.1%–0.5%), and the pH adjusted to 7.2 with glu-
conic acid.
The firing pattern of the recorded neurons was determined imme-
diately after rupturing the membrane by injecting 800 ms current
pulses of incremental amplitude (50–600 pA) in the current-clamp
mode. Regular spiking (RS) neurons were identified by their rapid
adaptation of the instantaneous firing frequency in response to
a square pulse of current (from a peak frequency of 1616 14 Hz [first
two spikes] to a frequency of 29 6 2 Hz [averaged over 100 ms, 400
ms after the beginning of the pulse]; 300–600 pA current injection;
steady state to peak frequency ratio, 0.2 6 0.02), a relatively long
membrane time constant (16.66 1 ms), a high input resistance in re-
sponse to a 50 pA negative current pulse (232 6 16 MU), and a rela-
tively depolarized spike threshold (249 6 1 mV). Fast-spiking neu-
rons were identified by a much less pronounced adaptation of
the firing frequency (from a peak frequency of 106 6 15 Hz [first
two spikes] to a frequency of 92 6 11 Hz [averaged over 100 ms,
400 ms after the beginning of the pulse]; 400–600 pA; steady state
to peak frequency ratio, 1.1 6 0.27), a faster membrane time con-
stant (9.7 6 1 ms), and a lower input resistance (81 6 8 MU; spike
threshold, 251 6 1 mV; all values above were measured from
a set of nine simultaneously recorded, FS/RS pairs) (Feldmeyer
et al., 1999; Gibson et al., 1999; Kawaguchi and Kubota, 1997; Mc-
Cormick et al., 1985). Low threshold spiking interneurons (Beierlein
et al., 2003) were not included in the study.
In Vitro Data Acquisition and Analysis
Data were recorded with Multiclamp 700A or Axopatch 200B ampli-
fiers, digitized at 5–10 kHz, and analyzed offline. Voltage measure-
ments were corrected for the experimentally determined junction
potential of 12 mV. Average values are expressed as mean 6
SEM. The Student’s t test was used for statistical comparisons.
Electrophysiological traces illustrated in the figures represent the
average averages about 10 to 40 individual sweeps, unless stated
otherwise. To deconvolve the unitary IPSC from the feed-forward
IPSC, we modeled the firing of FS neurons as occurring in a sharp
onset followed by an exponential decay. This function is f(t) = (A/t)3
exp(2t/t), with parameters A and t. We obtained these parameters
by minimizing the square difference between the measured feed-
forward IPSC and the convolution of f(t) with the unitary IPSC.
Dynamic Clamp
Dynamic clamp was used to simulate excitatory synaptic conduc-
tances, gsyn(t), as follows: Iinj(t) = gsyn(t) 3 (Vm(t) 2 Vrev), in which
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brane potential of the neuron, and Vrev is the reversal potential of the
synaptic conductance to be simulated and was set at 0 mV. The
time course of gsyn(t) was given by the sum of two exponentials, trise
and tdecay, of 0.15 and 1 ms, respectively. The amplitude ranged be-
tween 2 and 3 nS. The operation was performed with an analog cir-
cuit (5 MHz bandwidth) connected to the amplifier. Input and output
signals were filtered at 5 kHz as described previously (Pouille and
Scanziani, 2001). In three experiments, a standard current clamp
configuration was used instead (Iinj[t] independent of Vm) in which
the time course of the Iinj was the same as gsyn, and the peak value
of Iinj(t) was either 100 or 200 pA.
In Vivo Recordings and Analysis
Long-Evans rats (P30–45) were anesthetized with urethane (Sigma,
1.5g/kg, i.p.) and prepared for acute recording as described previ-
ously (Celikel et al., 2004). Recordings were obtained with glass-
insulated carbon fiber electrodes (0.5–1 MU at 1 kHz), or tungsten
microelectrodes (2–4 MU at 1 kHz). Signals were preamplified
(1,0003), band-pass filtered (0.5-10 kHz), further amplified (53),
and digitized at 32 kHz with custom Igor routines (Wavemetrics).
Spike sorting was performed offline with a published algorithm
(Fee et al., 1996) implemented in Matlab (Mathworks) by S. Mehta
and D. Kleinfeld. Whiskers were deflected with calibrated, com-
puter-controlled piezoelectric actuators 9 mm from the face. Initial
mapping was performed to locate the barrel column of interest
and layer 4 identified by depth and response latency (Celikel
et al., 2004). Whisker deflections (250 mm ramp-and-hold deflection,
50 or 100 ms duration, rise/fall time 4 ms) were delivered at 0.5 Hz or
in 10 Hz trains. 100 trials were collected at each recording site. An-
esthesia was maintained by additional urethane (10% of original
dose, i.p.) at a level that suppressed corneal and limb withdrawal re-
flexes and maintained breathing rate at <2 Hz. Columnar position
and laminar location of all cortical recording sites were confirmed
by lesion recovery (5 mA, 10 s) in cytochrome-oxidase-stained sec-
tions (Fox, 1992). Data analysis: spike counts and spike jitter were
calculated for onset responses (spikes within 50 ms of deflection
onset); spike jitter was defined as the standard deviation of the
Gaussian fits of the onset PSTHs.
Model
This simple model of thalamocortical excitation and feed-forward
inhibition includes three synapses (VB-FS, FS-RS, and VB-RS)
each subject to synaptic depression (Figure 8). Each synapse type
is described by only two parameters: a use factor u and the time
constant of recovery td. We obtained these parameters from re-
sponses to presynaptic trains at the following frequencies (in Hz):
2.5, 5, 10, 20, 50, and 100. Depression was pronounced at the syn-
apse from VB to FS (u = 0.33, tD = 2.2 s) and less pronounced at the
synapse from FS to RS (u = 0.26, tD = 4.1 s) and at the synapse from
VB to RS (u = 0.60, tD = 0.2 s). FS neurons (n = 100) were described
by an integrate-and-fire model with refractory period (Rinput = 100
MU; tmem= 9.7 ms; Vthresh =251 mV) and received a variable number
of thalamic inputs such that the mean conductance of the thalamic
EPSPs was 7.5 nS (with reversal potential Eexc = 0 mV) and varied by
a factor of ten. We modeled the RS neuron as a single passive com-
partment (Rinput = 200 MU; tmem = 16 ms) that receives an EPSC from
VB (with reversal potential Eexc = 0 mV) and, 1 ms later, an IPSC from
FS neurons (with reversal potential Einh = 285 mV).
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